Mobile robotic manipulators can augment the strength and dexterity of human operators in unstructured environments. Here, the control system for a six degree-of-freedom heavy-lift mobile manipulator for lifting and inserting payloads on the deck of a ship is described. The robotic hardware and the application present several control challenges, including structural resonances, high joint friction that varies with time, limited sensors for measuring the joint friction, complex interaction with the environment, tight tolerances for the insertion tasks, lack of bilateral force feedback of the contact forces, and ship motions. The control system enables an operator to perform insertion tasks using feedback of tactile clues of the manipulator position, and reduces the effects of friction with a combination of sensor-based, adaptive, and modelbased methods of friction compensation. The control architecture is validated in simulation and on a laboratory manipulator.
I. INTRODUCTION
Mobile robotic manipulators can be used to augment the strength and dexterity of a human operator, allowing them to perform otherwise difficult or impossible tasks, often in unstructured, harsh environments in the presence of substantial environmental disturbances. However, heavy payloads, tight tolerances, and design constraints can combine to make the control of these systems difficult.
In this paper, the control of a teleoperated six degree-of-freedom manipulator for lifting very heavy payloads on the decks of ships and inserting these payloads onto racks with tight tolerances is studied, see Figure 1 . The manipulator is mounted on an omni-directional vehicle that allows the robot to move from point to point while carrying the payload. The system will reduce manpower requirements aboard ship, allowing one operator to use manipulator to perform tasks that require three to seven personnel to do manually. The use of the robot also reduces the strength requirements for shipboard personnel, and increases safety, requiring fewer workers to be in potentially dangerous situations. 
A. Control Challenges
This application presents a number of important challenges to the design of the manipulator control system, including high-precision tasks while in contact with the environment, low structural resonant frequencies, and high joint friction that varies over time. Also, physical system design does not allow bilateral force feedback and control of the manipulator when interacting with the environment.
The large motors and high gear-ratio transmissions used in the joints of powerful manipulators result in high friction, which in turn results in tracking errors, stick-slip, and other undesired behaviors. In some applications, these friction effects may be overcome by raising system control gains. However, low structural natural frequencies of this manipulator introduce stability concerns that limit the control gains. Further, corrosion and temperature variations can alter the characteristics of the joint friction over time.
The control system must allow an operator to insert payloads into slots with tolerances on the order of millimeters. The contact with the environment during the insertion task requires a controller that is stable while contact with the environment. Also, the payload obscures the operator's view of the insertion point. Finally, the mechanical design of the system does not The objective of this paper is to develop a control architecture that is able to compensate for the high joint friction in the manipulator and enable an operator to perform insertion tasks without bilateral force feedback and limited task view.
B. Background Literature
Many control methods have been suggested to estimate and compensate for the effects of joint friction [2] . These methods generally fall into three categories: model-based compensation, adaptive compensation, and sensor-based compensation.
Model-based friction compensation uses mathematical models to predict joint friction, which is then compensated with motor torque [15, 30] . The effectiveness of this type of compensation depends on the accuracy of the models. Accurate characterization of joint friction is difficult in harsh environments such as this one, as friction changes over time with variations in temperature and wear [32] .
To compensate for friction variations, methods have been proposed for online estimation of friction parameters using adaptive and observer-based approaches [2, 5, 12, 17] . These methods take advantage of known and measured system dynamics to identify the friction parameters online. Online friction identification and compensation using single-joint observer methods has resulted in good position control performance in systems with high joint friction [24, 25] .
However, single-joint adaptive identification is not practical when the manipulator is in contact with the environment, because adaptive identification may interpret contact forces as frictional disturbances. Adaptive friction compensation for systems in contact with the environment requires an adaptive model-based feed-forward structure, as well as a contact force sensor so the controller can differentiate between joint friction and contact forces [38] . The formulation of these adaptive methods is quite complex, especially for high-degree-of-freedom systems [31] . In the system studied here, direct measurement of the contact forces is not feasible.
Sensor-based compensation overcomes many of the problems of model-based and adaptive methods, but can only be used when the design of the robot allows the placement of sensors to provide direct feedback of the system friction. Torque control loops can then be used to reduce the effects of friction [28, 33] . No model of the friction is required and the compensation is robust to friction changes with wear or temperature. This method has been shown to provide accurate compensation for joint friction; however, providing sensors at each joint can be costly and add substantial system complexity. More recently, a sensor-based method has been proposed that permits the friction in all joints to be estimated using a single six-degree-offreedom force/torque sensor in the manipulator's base, greatly simplifying the hardware implementation of sensor-based approaches [19, 29] .
For this system, the manipulator is controlled by a human operator. Teleoperated position control of a manipulator is well-studied, and relatively straightforward. Approaches such as Jacobian inverse control with linear joint controllers [3, 39] , sliding mode control [3, 35] , and adaptive control [7, 36] are all established means of controlling the position and velocity of a manipulator. Coordinated vehicle and manipulator control is also well studied [34, 40] . In this system, because of the extremely heavy payloads, stab jacks lift the omni-directional wheels off of the ground when the manipulator is being controlled by the operator, effectively providing a base for the manipulator that is fixed to the ship. The use of these stab jacks prevents low frequency manipulator and suspension vibrations that could lead to system instabilities. Hence, the manipulator controller does not need to consider vehicle motions, although it must compensate for the substantial dynamic effects of the ship pitching and rolling in heavy seas.
During payload insertion, when the manipulator is in contact with the environment, it is important to carefully control the forces exerted by the manipulator to prevent payload jamming.
A number of manipulator force controllers have been proposed, including explicit force control, hybrid control, and stiffness/impedance control [6, 18, 37] . When a human is operating a manipulator under force control, best performance occurs when the operator is able to "feel" the forces and moments measured by a force/torque sensor close to the contact points, and controls the robot by applying forces to a force-sensitive input device. This structure is known as bilateral force feedback, and has been shown to be effective in the control of many teleoperated systems [1, 16] . However, to be effective, the operator interface system must be actively powered. This adds substantial complexity to the physical and control system, as well as additional cost. Such a user interface was not considered feasible for this system, as shown in Figure 1 .
In summary, sensor-based methods of friction compensation are preferred when the sensor hardware is available. Adaptive methods can perform very well, but cannot easily handle contact forces. Model-based methods are more stable, but are not robust to unmodeled or time-varying effects. Because the system in this report has low structural natural frequencies, a high-gain linear controller is not feasible. The system design does not permit force sensors that can measure all of the joint torques and the forces and moments at the manipulator's contact with the environment. Finally, a simple model-based compensator would not be effective because of the very large changes in the friction over time caused by the harsh ship deck environment, wear, changing loads, etc.
C. Approach
In this study, a control architecture has been developed that is an amalgam of the above approaches. In the joints that do not have force sensors, an adaptive algorithm is used when the manipulator is moving in free space, and data from this algorithm is used update the parameters in a model-based feed-forward compensation algorithm that is used when the manipulator is in contact with the environment. This approach compensates for time-varying friction and remains stable in the presence of contact forces. This friction compensation architecture is validated in simulations of the full scale manipulator, as well as in experiments with a laboratory robot.
While bilateral force feedback is not possible here because of the lack of a powered master control interface, the presence of an operator insertion force input handle located on the manipulator close to the payload allows some tactile feedback by enabling the operator to feel small motions of the manipulator. This type of robot is referred to as an "extender" or "exoskeleton" system. A number of control strategies have been proposed for such structures [8, 10, 20, 21, 22, 23, 26, 27] . A variation of these methods are applied here with good results as shown by laboratory experiments. 
II. SYSTEM DESCRIPTION

A. Joint Configuration
C. Coordinate Systems
The manipulator coordinate system origin is located at the base of the manipulator along the axis of joint 1. The Z axis corresponds to the vertical direction, X is the forward direction, and Y is the sideways direction. Rotations about the X, Y, and Z axes are referred to as roll, pitch, and yaw, respectively. The origin of the payload coordinate frame is at the height of the center of mass of the payload above the endpoint of link six, midway between the grippers or fork tines.
In this coordinate frame, Z is along the long axis of the payload, Y is vertical when joint 6 is level to the ground, and X is horizontal and perpendicular to the long axis of the payload.
Payload rotations about the X, Y, and Z axes are referred to as pitch, yaw, and roll motions, respectively.
D. Friction Models
Experimental data from the motors show that the friction profiles for the different joints in the system are quite different. The friction behavior in joints 1-3, given in Equation (1), has coulomb and viscous components and some stick-slip behavior, as well as a linear dependence on the static load on the motor:
The parameters α 1 and α 2 define coulomb friction and the effect of static load. The parameter α 3 defines the contribution of viscous friction. The β terms define a nonlinear velocity-dependent shaping function to approximate the stick-slip model.
Because joints 4-6 use direct-drive motors, the only significant source of friction is from their motors. Stick-slip effects are not significant. Their friction profile is a function of joint velocity and motor load:
The parameter α 1 defines the velocity-dependent term, α 2 represents the zero-velocity, zero-load level of friction, and α 3 and α 4 define the contribution of motor load to the friction. The constant C is a scaling parameter.
E. Payload and Insertion Details
The manipulator must handle payloads of up to 1350 kg with relatively simple, straight peg-inhole insertion with friendly geometry and tolerances of 1.0 cm. A major control requirement is to allow a maximum endpoint tracking error of 2.5 cm. while maneuvering any payload under position control. Payloads of up to 225 kg have complex insertion constraints with 2 mm tolerances and present a far more difficult insertion task. Hence, this payload is used is the example discussed in this paper for the insertion task; for further information on manipulator performance see [14] .
III. CONTROL SYSTEM ARCHITECTURE
The manipulator controller has two modes of operation. The first is a teleoperated position control mode that is used to maneuver a payload from its storage position to close proximity of its insertion position. The second mode is used when the manipulator near or in contact with the insertion point. These modes primarily differ in the operator interface, and the form of friction compensation in joints 4-6.
A. Position Control
The load cells in joints 1-3 allows the use of sensor based torque control to compensate for the friction in those joints. Joints 4-6 that do not have load cells use adaptive friction compensation during position control. The position control architecture for the joints 1-3 is shown in Figure 3 , and the control architecture for joints 4-6 is shown in Figure 4 . In joints 4-6, the control torque signal is added to a friction compensation torque signal from an adaptive algorithm. This friction compensation algorithm uses an observer to compensate for all uncompensated disturbances to the joint, and is discussed in section IV-B. It requires the joint velocity, joint inertia, and the sum of all non-disturbance torques applied to the joint as inputs. The gravity and base motion compensation torque is calculated the same way as for the joints 1-3. Gravity and gravity compensation are assumed to offset, and any difference in the two is treated as a disturbance. The friction parameters are learned during this time for use during insertion control.
B. Admittance Based Insertion Control
The insertion controller allows an operator insert the payload in its rack even when the view of the insertion lugs on the payload and the mating slots on the loading rack are obstructed by the payload. See Figure 5 for conceptual diagram of the insertion controller. The operator applies force and torque to the insertion control handle, which is mounted on a force/torque sensor. This force/torque combination (wrench) is then vectorially added to an estimate of the contact wrench acting on the payload. The contact wrench is approximated by subtracting the weight of the payload from a measurement of the force between the payload and the manipulator. If the model of the payload is correct, and the inertial forces from motion of the payload are small, this approximation is accurate. The combined wrench from the user and the payload force sensors is the input to an admittance control law, which calculates a desired endpoint velocity of the manipulator. A purely viscous admittance law, which translates a desired force into a proportional desired endpoint velocity, was chosen for this application [41, 9] . The desired endpoint velocity is then integrated and used as the input to a position controller.
During insertion control mode, the operator grasps the control handle, and can watch the motion of the payload and feel the response of the manipulator to his input forces. When an operator brings the payload into contact with the environment, the control law uses the feedback from the payload force to command the manipulator to come to rest against the environment, and exert a force on the environment equal to the user force on the input handle. Effectively, the payload moves easily in directions where it does not contact the environment, and the manipulator does not attempt to push the payload through the environment any harder than the user is pushing on the force handle. The forces caused by the payload interaction with small environmental features cause the controller to alter the motion of he payload in such a manner that the operator can determine the location of the interference, and adjust his inputs accordingly. For example, if an operator is pushing a payload in a straight line, and the payload began to rotate about some point, the operator could both see and feel that the interference is occurring at that point. The operator's tactile feedback, combined with the knowledge of what forces he applied and the payload interaction geometry, allows the operator to formulate a mental model to compensate for the obstructed view of the insertion and the lack of bilateral force feedback.. During insertion control mode, the sensor-based friction compensation algorithm in joints 1-3 is identical to the compensation algorithm in position control mode, as it is stable in the presence of contact forces. However, it is difficult to make the adaptive friction compensation used in joints 4-6 stable in the presence of contact forces. Therefore, during insertion control, joints 4-6 use model-based feed forward friction compensation. The parameters of this model are learned during position control motions from the output of the adaptive friction compensation. Details of the feed-forward compensation and learning process are discussed in section IV-C.
IV: FRICTION COMPENSATION
A. Joints 1-3: Torque Control Loops
The force sensors in the first three joints of the manipulator are located between the end of the roller screw of the linear actuators that power the joints, and the linkage of the joint itself. This allows a reliable measurement of the force transmitted through this point in the manipulator. The force at the end of the linear actuator is related to the motor torque by:
where L is the lead of the roller screw, and R g is the transmission gear ratio. The error between this measured torque and the desired torque is input into a PI controller that ensures the actual torque applied to the joint tracks its desired value [11] . The gains in the torque control loops are selected so that their bandwidth is approximately ten times the bandwidth of the PID controllers.
B. Joints 4-6 Position Control: Adaptive Friction Compensation
The adaptive estimator used here has been shown to provide accurate online estimates of friction in position control systems, without regard to the model of the friction [12, 13] . A proof of the Lyapunov stability of this adaptive algorithm is given in [13] . The algorithm is based on a simple dynamic model of the joint:
where I is the effective joint inertia, α is the joint angular acceleration, τ app is the applied torque by the controller, and τ fric is the disturbance torque that is assumed to be friction. The effective joint inertia is a function of the manipulator configuration, and is defined as the moment of inertia of the links of a manipulator beyond a joint, about that joint. The applied torque (τ app ) is the sum of the uncompensated torques commanded to the joint by the controller. In this manipulator, the applied torque is the sum of contributions of the PID controllers (τ PID ) and the friction compensation torque (τ fc ) (see Equation (5)).
Disturbance torques can come from many sources, such as friction, wind, contact forces, gravity compensation errors, or an operator pushing on the manipulator. Because the friction compensation works at the joint level, torque resulting from movement of the other joints is a disturbance, as well.
The algorithm identifies the magnitude of the disturbance force (â) through the use of an observer. It is assumed by the algorithm that all disturbances are the result of friction in the joint, and the algorithm attempts to identify and cancel out this disturbance. The algorithm will converge to the actual value of the disturbance so long as there is sufficient excitation for the observer. For practical purposes, this means that the algorithm will correctly identify friction whenever the joint is moving, as long as other disturbances are sufficiently low. A friction compensation torque is then applied as the estimated magnitude â times the sign of the velocity through the control law. The intermediate variable z is found using the adaptation law (see Equations 6, 7, and 8).
where q is the joint angle and k and µ are gains tuned for individual joints. In the case of this manipulator, the applied torque less the friction compensation torque is the torque from the PID controllers. In other cases, however, applying a shaping function such as a saturation function, low pass filter, or a gain to the friction compensation torque may be useful to reduce effects such as chatter.
The adaptive estimates from this algorithm, as well as the joint velocity and command torque are recorded for use in the model-based feed-forward algorithm used during insertion control mode.
Dynamic disturbances from motions of other joints can lead to inaccurate identification of the magnitude of friction at a given time, and therefore inaccurate identification of the parameters of the friction model. For this reason, the friction parameter identification works best when only one joint is moving at a time, or when the dynamic interactions between joints is small. The motions of this manipulator generally fall within these boundaries.
C. Joints 4-6 Insertion Control: Model-Based Compensation
Since adaptive compensation is not feasible when the manipulator is in contact with the environment, model-based feed forward friction compensation is used during insertion in joints 4-6. The form of the friction was developed based on experimental data (see Equation (2)). As mentioned in the previous section, the data recorded by the adaptive friction compensators during free motion of the manipulator is used to identify the parameters of this friction model.
Updating the parameters of the friction model enables the feed-forward friction model to track changes in friction due to environmental conditions or wear over time. To the author's knowledge, this is a novel method of compensating for friction in contact with the environment.
Accurate parameter identification requires that data be cropped to eliminate points where the estimate of friction is not likely to be accurate, such as when joint velocity is near zero, and during any learning transients. The cropped data is used in a recursive nonlinear least-squares curve-fit to identify the friction model parameters α 1 , α 2 , α 3 , and α 4 . The parameters are then averaged with other recent estimates.
The feed-forward friction compensation must not introduce any instability into the overall controller. In order to ensure that the controller is robust to errors in the friction model, an uncertainty torque is subtracted from the feed-forward friction torque, ensuring that the joint controllers are not overcompensating for the joint friction [35] . The uncertainty in the friction model will be evaluated on a joint by joint basis, based on the simulated and experimental performance of the friction parameter identification algorithm.
V. SIMULATION RESULTS
A dynamic simulation of the full system was used to verify the friction compensation algorithms.
A representative model, seen in Figure 6 , was constructed in MSC ADAMS, and interfaced with a Simulink controller running at a time step of 0.001 s. The PID gains used in the joint controllers were tuned 0.9 Hz, one decade below 9 Hz, the lowest structural natural frequency of the system obtained from an independent finite element analysis. The joint friction was implemented in the Simulink controller utilizing the models described in section II-C. During the insertion control tests, the model also contains simulated insertion geometry that provides contact force between the payload and the environment, in this case a loading rack. The loading rack is modeled with a slot running the length of the rack, and the payload has two T-shaped lugs that fit into the slots. The tolerances between the lugs on the payload and the slot are shown in 
B. Friction Extraction
During the position control mode the friction magnitude in joints 4-6 is estimated by the adaptive compensation algorithm. Figure 9 compares the estimate of friction from the adaptive compensator with the actual value of friction used by the simulation. . It can be seen that the adaptive algorithm estimates the friction very well. It is difficult to distinguish the two curves in 
C. Insertion Control Mode -Admittance Law Stability
The admittance law must be tuned so that the environmental interaction does not lead to control instabilities or excitation on the resonant frequencies of the manipulator.
A stable admittance law will have a bandwidth sufficiently low to avoid manipulator structural resonances, as well as to avoid resonances arising from the payload-environment interaction. A vibration analysis as proposed in [11] and modified to add a gripper compliance and separate payload as in [37] may be used to determine a range of stable admittance laws for the insertion controller. In this analysis, the response of the robot to endpoint disturbances is linearized in the vertical direction with the manipulator arm outstretched.
The model shown in Figure 10 is used to derive state space equations for the robot. The system is approximated as a one-directional, sixth order system of vibrating masses. These masses are the robot, sensor, and payload of the manipulator. A state space vector is constructed of the positions and velocities of these masses. 
Where R signifies robot, S is sensor, G is gripper, and P/E is payload and environmental interaction. The controller force F is approximated as a PID controller with natural damping, with a transfer function of the form (11) .
The inertia term I is determined by calculating the inertia of the robot arm about the endpoint of the robot and the control gains are calculated by tuning a PID controller with natural damping with the same damping factor and bandwidth as the joint controllers for the calculated inertia. A full listing of the identified and calculated parameters this system, as well as further details of this stability analysis are found in [4] .
Once the parameters of the system have been identified, the transfer function between applied user force and applied force of the manipulator on the environment may be calculated as a function of the admittance law. The closed loop position controller transfer function is shown in (12)
where s
As mentioned in section III-B, the admittance law is chosen so that desired payload velocity is directly proportional to the contact force.
A closed loop transfer function between input force and output force (A.9) can be calculated using the admittance law, position controller, and controller force to contact force transfer function in the forward path with unity feedback.
The bandwidth of the function G(s) must be limited to a decade below the structural natural frequency of the manipulator, or a decade below any resonant frequencies of the payloadgripper-environment interaction system, whichever is less.
For the simulated system with the light payload, a translational admittance gain of 7.2*10 -5 Ns/m was found to satisfy these constraints. A Bode plot of the closed-loop system force response is shown in Figure 11 , and shows that the bandwidth of the controller is a decade below the manipulator structural resonance of 9Hz, and well below the resonant frequencies of the system in Figure 10 . 
D. Insertion Control Mode -Contact Spirals
A gain of 0.9 is used on the output of the friction model during insertion control to ensure that the friction is never overcompensated. The performance of the feed-forward friction compensation algorithm in a simulated task of the robot in contact with the environment is seen in Figure 12 . In this simulation, the payload is lifted into contact with a flat surface. The commanded force is then reduced to 25N. For 15 seconds, an additional operator force is applied in the plane of the surface. This force increases from 0 to 120 N at a constant rate, and the direction of the force rotates within the plane every 4 seconds. This force input should result in an expanding spiral motion of the manipulator endpoint while maintaining contact with the surface. The actual and desired manipulator endpoint trajectories during this simulation are shown in Figure 12 for a case with joint friction compensation.
During the simulation, the contact force normal to surface should remain constant at 125 N, which is equal to the operator input force of 25N multiplied by the operator gain of 5 used for this case. If the normal force has large variations, the corresponding friction variations cause the manipulator to move intermittently along the surface, instead of smoothly, which is desirable for the operator to make fine movements. Without friction compensation, the contact force varies between -325N (2.6 times the expected value) and approximately -1N (where the manipulator has almost lifted off of the rack), as seen in Figure 13 . This variance from the desired force of 125N is due to tracking errors from uncompensated joint friction, as well as friction between the payload and the environment. This large variance would make it very difficult for a user to finely position the manipulator and complete an insertion task. Figure 14 shows the contact force during the contact spiral simulation with friction compensation. The contact force varies between -47 and -182. Examination of Figure 14 shows that the peak force tracking errors are periodic. These peaks occur when joints of the manipulator change direction to follow the desired path. While the force tracking errors are significant, they occur at predictable times, and are never large enough to cause the payload to come close to leaving contact with the rack Implementing the feed-forward friction compensation greatly improves the ability of the manipulator to maintain a desired contact force. Clearly, the adaptive friction compensation algorithm can reduce position control tracking errors.
B. Friction Model Extraction
To identify the form and parameters of the joint friction models, the response of the manipulator to a sinusoidal joint input was studied. Figure 18 shows the friction estimate from joint 2 following this trajectory as a function of joint velocity. It appears to be a parabolic function with a peak value of 3.6 Nm at zero velocity. The magnitude of the friction estimate does not vary widely, so a simple Coulomb model can be used to approximate the friction. The adaptive estimator data is fit to this model, and the Coulomb friction parameter a 1 is identified as:
The maximum error between this model and the data used in the curve fit is 10.2%.
Experimental Position Control
No The other joints of the manipulator exhibit similar friction profiles that are functions of joint velocity, and in joint 1, joint position. When the feed-forward friction compensation is used during insertion control, a gain of 0.9 is applied to the modeled estimate to avoid overcompensation of friction. This experiment demonstrates the ability of the adaptive friction compensator to identify a model of friction, in addition to compensating for the friction on-line.
C. Insertion Task
During insertion control, the user grasps the force handle of the robot, and maneuvers a payload into contact with the environment. An analysis similar to that shown in section V-C was used to determine stable admittance laws for the contact force feedback and operator input [4] . An insertion payload and mating geometry were constructed for the experimental system to approximate a ½ scale light payload. This payload is shown in Figure 19 . Tests were performed where operators were asked to insert the payload into the insertion slots and slide the payload forward, simulating locking the payload into place, as seen in Figure 20 . Operators were asked to perform the task using only visual feedback, controlling the manipulator from a controller fixed to ground. Operators also attempted to insert the payload using both visual and tactile feedback, using the force sensor mounted on the manipulator endpoint to control the robot, as seen in Figure 21 .
Figure 19: The two lug payload and insertion geometry
Operators were able to perform successful insertions in both the visual feedback only and visual and tactile feedback cases. However, the addition of tactile feedback greatly increased the speed with which an operator could perform the insertion task, and the speed which an operator could correct for a mistake made during the insertion process. Figure 22 shows the overhead view of the trajectory of the manipulator endpoint during a typical insertion using only visual feedback.
The solid line represents the trajectory, the circles are the position of the manipulator sampled at The experimental tests of the insertion controller confirm that the presence of position tactile feedback from a manipulator significantly improves the ability of an operator to insert the payload. The improved performance as a result of tactile feedback is further demonstrated by the ability of many operators to insert the payload when wearing a blindfold after some practice using the manipulator. The operator is able to construct a mental model of the payload and environment interaction, and from the tactile feedback of the manipulator is able to determine where the payload is in relation to the insertion slot, and successfully insert the payload.
However, this situation requires a substantial increase in the time required to complete the task.
VII. CONCLUSION
In this paper, a control architecture is developed for a heavy-lift manipulator required to perform precision insertion tasks in a harsh environment. A major component of this control architecture is a friction compensation system that is able to significantly reduce the effects of joint friction that varies over time. Another major component of the control architecture is an "insertion control system" which allows the feedback of tactile clues of the position of the manipulator to the operator to compensate for the lack of bilateral force feedback. 
